Introduction {#sec1-1}
============

Parkinson\'s disease (PD) is a chronic, progressive neurodegenerative disorder that affects the motor system and has variable non-motor components including cognitive and autonomic changes in the later stages of the disease. PD is characterized by altered activity within the basal ganglia and is typified by profound degeneration of dopaminergic neurons within the substantia nigra pars compacta. Medications to replace or prevent degradation of dopamine (*i.e*., levodopa, catechol-O-methyl transferase inhibitors, dopamine agonists, monoamine oxidase inhibitors) have had a dramatic impact on the lives of PD patients. Surgical treatments involving lesioning the basal ganglia also have a long history. Despite the initial decline in surgery following the discovery and clinical introduction of levodopa in 1961, surgery has become a standard adjunct to medical treatment. Since the late 1940's, there have been over 12,000 articles published on the surgical management of Parkinson\'s disease (Lozano et al., 2018).

The first published surgical treatments for PD occurred in the early 1950s, and involved lesioning regions of the basal ganglia (pallidotomy and thalamotomy) (Narabayashi and Okuma, 1953; Hassler and Riechert, 1954; Cooper, 1955). However, it was not until 1980 that Brice and McLellan utilized chronic electrical stimulation of the midbrain and basal ganglia to suppress intention tremor (Brice and McLellan, 1980). Since deep brain stimulation (DBS) is reversible, adjustable, and has a more favorable safety profile it has become the predominant surgical procedure for PD over pallidotomies and thalamotomies. While current treatments are effective at treating disabling motor symptoms, there currently are no treatments that alter the underlying disease pathophysiology. Here, we discuss the current management and recent surgical advances as well as potential paradigm shifts in treatment.
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DBS is the most common surgical procedure to ameliorate motor symptoms of PD. Moreover, it reduces the occurrence of "off" episodes that usually occur throughout the day in more advanced stages of medically treated PD. However, DBS has variable effects on other motor symptoms, such as postural and gait disturbances or non-motor symptoms (cognitive decline, sleep, swallowing, speech or micturition disturbances). The two most common targets for DBS are the subthalamic nucleus (STN) and the globus pallidus pars interna (GPi). Large, randomized, controlled studies have demonstrated similar motor benefits between these two targets; however, after STN DBS, dopamine replacement medications can generally be reduced, while GPi DBS results in fewer cognitive and mood side effects (Follett et al., 2010). There is some evidence that targeting the pedunculopontine nucleus may improve gait instability and freezing (Stefani et al., 2007; Thevathasan et al., 2011).

Radiofrequency and radiosurgery pallidotomies were initially used to treat tremor symptoms alone. These types of lesional procedures have been used to some extent in PD patients who decline or are poor candidates for DBS. More recently, there has been increased interest in the use of focused ultrasound (FUS) thalamotomies for tremor as it does not require a craniotomy and physical brain penetration. Successful FUS thalamotomy for essential tremor has led investigators to treat highly selected tremor-dominant PD patients with FUS thalamotomy when the tremor is disabling (Bond et al., 2017) and FUS subthalamotomy when there is an asymmetric disease presentation (Martínez-Fernández et al., 2018). While being a therapy that does not require an implanted device and successive operations for battery changes, lesional procedures are not reversible and thus are primarily performed unilaterally, limiting its effectiveness in a bilateral disease process.
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Since the first DBS surgeries, there have been many advances in technology used for surgical PD management. The internal pulse generators (IPGs) used to charge the stimulation have become more efficient, and now have the potential to be recharged transcutaneously, limiting the number of surgeries the patient has to undergo for IPG changes. Newer versions of the DBS components are MRI compatible, which gives the patients and their physicians more flexibility in diagnosing and treating PD as well as other conditions. The electrode leads have also become more complex, allowing for directional current compared to radial current spread. Furthermore, multiple different stimulation paradigms can be programmed simultaneously, allowing for more flexibility, complexity and specificity of stimulation. These advances in lead and IPG technology allow for more complex and patient-specific programming.

DBS for PD utilizes continuous high frequency stimulation to the basal ganglia. While the mechanism of DBS is not entirely understood, it is clear that DBS interferes with both pathological and physiological neural circuitry. Newer IPGs can record and store local field potential data while simultaneously multiple targets, which can enable physicians and researchers to better understand the pathophysiology of the disease and the mechanism by which DBS ameliorates symptoms (Swann et al., 2018). Current DBS utilizes an "open-loop" (continuous stimulation) paradigm; however, its benefits can often be limited by side effects and/or partial efficacy. Moreover, patients do not suffer from the same exact motor symptoms continuously throughout the day. These potential limitations may result from the fact that DBS disrupts not only pathologic neural oscillations and connectivity, but also disrupts normal physiology. One conceivable treatment option could be to identify aberrant local field potential biomarkers in real-time and utilize an adaptive or "closed loop" form of stimulation to disrupt or modify that specific electrophysiology (Rosin et al., 2011).

Imaging the specific DBS targets and basal ganglia circuitry has also become more sophisticated. Magnetic resonance imaging continues to increase in resolution, which improves targeting of specific regions of the intended structure (STN, GPi). With advances in tractography, it is also possible to be able to target output and input circuitry as opposed to only the nodes within the basal ganglia. Studies suggest that not only is diffusion tensor imaging feasible for surgical planning of movement disorders, psychiatric disorders and pain DBS, but it may also improve surgical outcome (See and King, 2017). Furthermore, advances in imaging techniques, such as functional MRI and magnetoencephalography, provide tools to better understand connectivity between various regions of the brain as well as brain activity associated with electrical stimulation. This information potentially could help in determining better functional and anatomic targets for DBS.

One of the principle concerns with DBS is its invasive nature. A recent study by Grossman et al suggested that non-invasive DBS might be possible by offsetting non-physiologic high frequency stimulation (*i.e*., 2.00 kHz and 2.01 kHz) to produce low frequency stimulation at a subcortical location (Grossman et al., 2017). In this rodent study, they were able to steer and target oscillatory activity within the hippocampus, but did not affect the pathway from the source of stimulation to the target, similar to the concept of using multiple sources to lesioning a specific target in radiosurgery. This approach could reduce the morbidity associated with open surgery (*i.e*., infections, intracranial hemorrhage, lead migration/fracture, *etc*.), as well as decrease the need for permanent internalized batteries. Furthermore, this type of technology could theoretically enable noninvasive test stimulation mapping for lesional experiments and potentially be a permanent adaptable and noninvasive treatment option.

Potential Future Treatments {#sec1-4}
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Current treatments and recent advancements primarily treat the motor symptoms of PD; however, future disease-modifying treatments are necessary to alter the course of the disease and treat the neurodegenerative and cognitive aspects of the disease. As with any disease process, it is necessary to understand the underlying pathophysiology. In that vein, there have been a number of PD gene therapy clinical trials that focus on improving motor symptoms *via* altering local neurotransmitters or neurotrophic factors in the basal ganglia. While these trials have demonstrated that gene therapy can be safely delivered to the brain and induce specific neuronal protein expression, the clinical results have been less encouraging (Bartus et al., 2014).

There has also been interest in immunotherapy as a potential treatment approach. Animal studies and clinical trials have largely targeted using antibodies against misfolded α-synuclein, the main constituent of Lewy bodies (George and Brundin, 2015). However, like the gene therapy trials, the studies merely demonstrate safety, but not necessarily efficacy. Consequently, there remain a number of hurdles to translate the promising animal studies into successful clinical trials (*i.e*., significant placebo response, limited validated biomarkers, differences in rodent versus human biology).

Cell transplantation also offers a hypothetically intriguing treatment option. Ever since it had been shown in 1979 that fetal rat dopamine-containing neurons could be transplanted into a PD rodent model with improved motor function, there has been significant interest in cell transplantation for PD. To date, there have been cell transplantation clinical trials using autologous and nonautologous cells, including the use of human embryonic stem cells and induced pluripotent stem cells. The additional hurdle for cell transplant is the potential ethical considerations that need to be addressed when using stem cells. Unfortunately, like the gene therapy and immunotherapy trials, the results have been equivocal (Yasuhara et al., 2017).

While there are currently very effective medical and surgical treatments for the motor symptoms of PD, patients continue to suffer from this progressive debilitating disease. Future research is necessary to understand the underlying disease process in order to better treat the disorder as a whole, rather than reducing very specific motor symptoms. While newer techniques, imaging, and medications have been able to suppress certain aspects of this motor disorder; disease-modifying or disease-reversing treatments still remain the ultimate goal ([**Figure 1**](#F1){ref-type="fig"}).
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